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THE  STORAGE  OP  WATER  IN  EARTIIKN  IlESFHVOIRS. 
]}Y  Samukl  Fortier,  M.Can.  Soc.  C.E. 
To  be  read  Thundat/.  Sth  October,  1896. 

Tlie  large  number  of  earthen  reservoir  embankments  in  use,  tlie 
widely  diSerin^  opinion^  held  by  engineers  in  regard  to  the  best  method 
of  yonstniOtin^  em,  and  the  fact  that  the  subject  has  not  heretofore 
been  considered  by  the  Canadian  Society  of  Civil  Engineers,  must  plead 
as  an  excuse  for  this  paper. 

Very  many  earthen  embankments,  chiefly  known  as  tanks,  have  been 
built  ir  India  to  store  watrr  for  irrigation  purposes.  The  high  prices 
of  structural  materials,  the  inability  to  procure  and  operate  modern 
machinery  and  the  low  wages  paid  to  workmen  have  favored  this  kind 
of  construction. 

*  It 'ists  but  little  to  build  en  earthen  embankment  of  even  largo 
dimeusions  where  the  materials  are  abundant  nnd  convenient,  and  where 
laborers  can  bo  procured  for  eight  cents  a  day  for  each  man,  four  cents 
for  each  woman,  fix  cents  for  a  donkey  and  fifteen  cents  for  a  pair  of 
bulhicks.  A  stru<:ture  requiring  skilled  labor  and  modern  machinery, 
with  coal  at  $20  per  t^n,  timber  scarce  and  iron  and  steel  from  $8  to 
$i5  per  cwt.,  would  be  much  more  expensive.  These  peculiar  conditions 
may,  in  a  measure,  account  for  the  37,000  tanks  to  be  found  in  Mysore, 
and  the  53,000  in  Madras,  besides  smaller  numbers  in  the  othe.  presi- 
dencies. 'J'he  past  history,  however,  of  these  tanks,  many  of  which 
were  built  centuries  ago,  seems  to  prove  the  suitability  of  this  material 
to  retain  water,  and  where  failures  have  occurred  they  were  in  nearly 
every  case  traceable  to  imperfect  outlet  condi'its  or  to  faulty  design.  + 

Not  only  in  India,  but  in  all  regions  where  the  rainfall  is  insufiBcient 
to  mature  crops,  and  where  water  has  to  be  nrtificially  applied  to  make 
up  for  the  natural  deficiency,  it  is  only  a  question  of  time  when  the  stor- 
age of  water  becomes  a  necessity.  In  the  Western  States  of  the  Union, 
for  example,  the  average  annuul  run-oflF  from  the  drainage  areas,  not  to 
.■r-peak  of  the  flood  discharges,  is  from  five  to  ten  times  greater  than  the 
run-off  during  the  dry  period  of  summer,  when  it  is  most  needed 
for  the  raising  of  agricultural  products.  It  is  thus  evident  that  only  a 
small  percentage  of  the  total  water  supply  can  be  utilized  without  the 
aid  of  storage  reservoirs.  For  many  centuries  these  reservoir  dams 
have  been  built  of  earth,  and  there  is  good  reason  to  believe  that  in  the 
centuries  to  come  the  same  material  will  'je  used.  Upon  this  assump- 
tion the  irrigated  countries  of  Cape  Colony,  Eirypt,  Spain,  Italy  and 
France,  and  on  this  continent  those  of  South  America,  British  Colum- 
bia, and  two-fifths  of  the  United  States  are,  and  will  continue  to  be, 
more  or  less  dependent  upon  earthen  dams  to  conserve  andc(iualize  the 
flow  of  the  scanty  water  supply. 

In  reference  to  tlie  u.se  of  earthen  dams  to  store  water  for  domestic 
purposes,  it  may  surprise  some  to  learn  that  the  increase  in  the  number 
of  water-works  plants  in  Canada  and  the  United  States  has  been  greater 
tl;an  that  of  railways.  In  1830  there  were  in  the  United  States  only 
31,  and  58  years  latter  there  were  1701,  while  in  Canada  during  the 
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same  period  the  number  increased  from  n  few  insignificant  plants  in  the 
larger  citie'i  to  68  in  1888*  Since  lu tny  water-works  systems  have 
each  a  auuiber  of  earthen  reservoirs,  it  is  prob.ilile  that  the  increase  in 
the  liilter  has  been  equally  great. 

The  diversity  of  opinions  among  engineers  on  this  subject  is  rcmaik- 
able  and  diflBeult  to  explain.  The  wide  differences  in  the  kind  iind 
quality  of  the  materials  used  mny  partially  account  for  it,  but  apart  from 
this,  one  is  forced  to  conclude  that  the  opinions  held  by  many  engineers 
recarJin"  the  beat  way  to  design  and  construct  earthen  embinkmontsto 
impound  water  are  erroneous.  For  any  given  case  the  problem  is  ;  to 
store  witli  safety  to  life  and  property  a  certain  volume  of  water,  on  a 
particular  site,  within  walls  of  earth.  The  task  seems  easy  and  simple, 
but  in  its  design  and  execution  the  plans  and  specifications  from  a  doien 
or  more  competent  engineers  would  show  great  dissimilarities.  The 
fcneral  form,  content  and  particular  dimensions  might  differ  100  per 
cent.  One  engineer  would  be  willing  to  incur  considerable  expense  in 
procuring  clay  for  the  entire  embankment ;  another  would  use  clay  only 
as  a  centre  core  ;  while  a  third  would  reject  it  as  the  most  treacherous 
material  in  existence  for  that  class  of  work,  nnd  would  build  a  homogen- 
ous wall  of  a  mixture  of  fine  and  coarse  materials.  Some  would  specify 
that  the  mat»irials  be  packed  dry,  others  that  they  be  dampened,  while 
some  would  call  for  an  abundance  of  w.ilei.  In  regard  to  lining  or 
paving  there  would  likely  be  as  many  different  kinds  recommended  as 
there  were  specifications.  Some  would  be  positive  that  the  structure 
would  be  insecure  without  a  heavy  masonry  core  wall,  while  the  advo- 
cates of  a  homogenoui--  embankmeut  would  consider  it  a  waste  of  money. 
The  task  of  reconciling  so  divergent  views  is  too  great  for  the  writer 
of  this  paiwr.  Tho  most  that  he  can  hope  for  is  that  the  opinions 
herein  expressed,  the  suggestions  offered,  and  the  consideration  of  a  few 
practical  features  relating  to  reservoir  dams  and  the  storage  of  water 
may  aid,  in  some  measure,  our  younger  brethren. 

CIIARACTEB  OF  THK  MATEllIALS. 

Earth  dams  are  composed  of  varying  proportions  of  gravel,  .sand,  silt, 
clay,  organic  matter  and  water.  The  same  ingredients  which  consti- 
tute the  cultivated  fields  and  their  underlying  strata  are  in  nearly 
eVcry  case  the  most  convenient  and  also  the  most  suitable  materials  to 
use.  A  consideration,  therelbre,  of  the  nature  of  the  materials  form- 
ini'  a  reservoir  embankment  leads  u?  directly  to  that  of  soils  and  sub- 
soils. For  this  purpose,  the  physical  and  mechanical  properties  of  soils 
are  of  mucii  more  importance  than  their  chemical  ingredients.  It  is 
not  essential,  for  example,  that  we  know  the  amount  of  potash,  phos- 
phorus or  lime  in  any  given  ease,  but  the  size  and  weight  of  the  grains, 
the  amount  of  air-space  they  enclose,  the  percentages  of  air  and  water 
contained  in  these  open  spaces,  and  the  effects  produced  by  moisture, 
heat  and  frost,  as  well  as  the  action  of  such  forces  as  gravity,  capillar- 
ity and  evaporation,  are  of  great  importance.  To  such  an  extent  is  this 
true  that  one  might  say  without  exaggeration  that  the  success  of  works 
of  this  character  rests  mainly  upon  the  fact  that  they  were  designed  and 
built  in  accordance  with  an  iutimate  knowledge  gained  from  a  close 
study  and  carefully  made  tests  of  the  physical  properties  of  the  mater- 
ials. For  twenty  years  and  over  men  have  been  testing  the  physical 
qualities  of  iron,  steel,  cements  and  the  various  kinds  of  timbers,  and 
this  knowledge,  when  coupled  with  the  correct  application  of  the  prin- 
ciples cf  mechanics,  has  given  us  our  modern  structures  eomposod  of  a 
minimum  amount  of  materials  with  a  maximum  of  strength  and  cfii- 
I'ii  ticy.  Reservoir  embankments  on  the  other  hand  have  been  built  in 
most  instances  without  the  rc(iuisite  knowied<j:e,  upon  mere  guess  work, 
biawn  jnd  not  brain  predominatiiiti-. 

The  sit-c  liavin,^-;  been  determined  upon,  samples  of  the  underlying 
Htrafa  can  best  be  obtained  by  test  pits.  They  cost  more  than  .samples 
obtained  by  boring,  but  tho  additional  information  gained  much  more 
than  compensates  for  the  extra  cost. 


To  avoid  aan^er  Jo  workmen  and  shoriig,  the  writer  mtken  these 
pits  elliptical,  tiy  having  the  mnjoriix  is,  aay  18  feet,  and  the  minor 
about  6  tcet.  it  is  pogsiblo  to  (lis  with  picka  and  shovels  to  a  Jcpih  of  30 
feet  by  Icavinij  a  b  rin  olfi  loot  onu  third  the  way  down  and  ■  sMoiid 
berm  of  the  Kaiiio  width  two-thirds  of  tha  distanoe  from  the  top.  Sam- 
ples can  then  bo  taken  from  each  jiit  at  every  chimge  in  the  formation. 
Sieves  <;taduat«d  from  5  meshes  to  the  linear  inch  downwards  in  fine- 
ness to  10,  15,  20,  etc  ,  meshes  miy  be  used  to  grade  the  materials  &8 
to  texture.  When  a  portion  of  endi  of  these  graded  samples  is  wnshcd 
and  afterwnrds  examined  by  n  good  lenz,  the  size  and  miDer:il  character 
of  all  the  liirger  particles  can  be  determined,  whether  lime,  quartzite, 
slate,  shale,  etc.  The  finer  particles  of  sand,  silt  and  cluy,  or  all  less 
than'say  one-hundredth  of  an  inch  in  diameter  can  be  olawified  only  by 
some  mechanical  soil  separator  like  those  invented  by  Doctors  Hilgard 
and  Osbourne. 

The  following  classiBcation  as  to  the  size  of  pnrtioles  contained  in  .soils 
and  subsoils  is  now  used  by  most  authors  on  soil  analysis.  The 
dimensions  are  given  in  both  millimeters  and  inches  : 

•  H.  M.  Wilson  in  12tli  Annual  Report  U.S.  Geo).  Survey,  p.  533. 

•  Proc.  Inat.  C.  E.  Vol.XXXIll.    Gonlon  on  the  value  of  ^cater  in  India. 

•  Eng.  News.  Vol.  XXI. 
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Size  in  M.M. 
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That  the  reader  may  got  a  clearer  idea  of  the  approximate  proportions 
of  "ravel,  sand,  silt  and  elay  in  the  s.iils  commonly  cultivated,  the  follow- 
ing table,  compiled  chiefly  from  the  published  Works  of  Prof.  Whitney 
is  herein  given.  No.  1  is  the  red  clay  tile  of  the  Potomac  Valley 
near  Baltimore,  and  No.  2  is  a  blue  clay  of  the  same  locality  used  for 
making  Htoneware  pipe.  No.  3  is  a  '  oliiy  '  soil  so-culled  taken  from  a 
truck  field  on  James  Island,  S.  Carolina.  No.  4  is  a  heavy  loam,  from 
Hatfield,  Mass.,  and  No.  5  a  close  retentive  soil.  No.  6  is  a  sample  of 
the  lightest  grade  of  snndy  land  i.^  Southern  Maryland.  No.  7  and  8 
are  early  truck  land  from  the  same  ^t.ate  : 
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Red  clay 

Blue  clay 

SiClay  land 

4  Heavy  loam.... 

Meattow  land . . . 

Sandy  land  . . . . . 

Light  truck  soil 

Gravelly  loam.  , 


ti. 24,0. 00 
2.0l'0.0(i 
l.()2l0.00 
3.45  0.00 
4. 7510.00 
0,24,0.45 
O.OOiO.t'J 
3.I816.O6 


0.00 
0.00 
0.54 
0.00 
0.00 

10. 3S 
4.96 

22.09 


a 

s    • 
3:2 


-o 
a 
a 

CO 


a 

«-   (8 

(/3 


0..50  2.63!  9.62 
0.29  1.27  8.93 
1.03  83.20   3.22 


O.lOj  0.43 

0.051  0.50 

46.29120. 15 

40. 19  27. .59 

29.87    9.82 


21.88 
.32.64 


25.13 

20.16 

3.22 

67.00 

49.. 32 

7.11 

12.10    7.74 

6..-.2!I0  71 


a 


13.44 
16.72 

3.. 58 
3.4? 
5.16 
2.29 
2.23 
3.8f 


S 
U 


42.34 
50.02 
3.59 
2.61 
6.79 
4.77 
4.40 
/.89 


According  to  SchUbler  the  average  weights  of  one  cubic  foot  of  vari- 
ous soils  as  they  exist  in  nature,  are  as  follows: — 

Dry  silicious,  or  calcareous  sand 110     pounds. 

Half  sand  and  half  clay 96         '' 

Common  arable  soil SO  to  90 

Heavy  clny ^^         | 

(Jardcn  mould  rich  in  vegetable  matter.  70         " 

Pe.tBoil 30  to  50     " 
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The  difference  in  weight  1  etween  a  olay  an  J  a  windy  soil  for  instance 
is  due  lurgely  to  the  greater  number  of  upon  spaces  in  tlie  forwor  and 
not  to  any  material  differenct  in  the  specific  gravity  of  the  grains. 

A  cubic  foot  of  i*  very  sandr  soil  contains  about  40  per  cent,  by  volume 
of  air  space,  wiiile  a  soil  der'ved  from  limestone  contains  about  liO  per 

cent,  air  space.  ',  •     •    r  n     • 

According  to  Whitney  th<:  percentage  of  o|)en  spaces  in  the  fo.iowing 

typical  soils  of  Maryland  ajo  ;— 

TABLE  III. 


Light  truck  land IIT  3  percent. 

Pine  barrens  chiefly  sand 10.0       " 

Sandy  land 41.8       " 

Wheat  land 42.7       " 

Tobrtcco  land •')0.0       " 

Ou  Hi  my  land 58.5       " 


Outside  of  the  laboratory  it  is  impossible  to  find  soils  completely 
saturated  i.e.  with  all  the  spaces  filled  with  water.  These  open  spaces 
contain  air  and  water  in  varying  amounts.  In  dry  soils  there  is  a  Urge 
proportion  of  air  and  a  correspondingly  small  proportion  of  water,  while 
in  wet  soils  these  proportions  are  reversed. 

Id  irrigated  regions  whore  it  is  possible  to  control  the  soil  moisture 
long  experience  has  shown  that  the  best  crops  can  be  rained  when  the 
open  spaces  contain  nearly  ecjual  volumes  of  air  and  water.  Thus  the 
water-holding  capacity  of  hca\y  clay  soils  is  about  44  lbs.  of  water  in 
every  100  lbs.  of  saturated  soil  and  the  most  favorable  eonditiou  for 
plant  growth  in  such  soils  is  when  they  contain  from  16  to  24  lbs.  of 
water  <n  100  lbs.  of  moist  soil. 

The  following  table  gives  the  approximate  number  of  grains  in  each 
classification  of  similar  weights  : 

TABLE  IV. 


Fine  gravel , 1.4  grains. 

Coarse  sand 17.0  " 

Medium  sand 139.0 

Fine  fand 1370.0  " 

Very  fine  sand '.7360.0  " 

Silt 274000.0  " 

Finesilt 17280000.0  " 

Clay 449280000.0 


FORMING  A  COMPACT    EMBANKMENT. 

The  belief  is  prevalent  among  laymen  and  engineers  inezporicDced 
in  this  kind  of  work,  that  uny  country  road  foreman  who  is  familiar  with 
the  handling  of  earth,  is  qualified  to  superintend  the  building  of  earthen 
dams.  They  fail  to  understand  the  difference  between  an  embank- 
ment capable  of  withstanding  a  load  and  one  compact  and  stable  enough 
to  retain  water.  In  highways,  or  railrond  fills,  little,  if  any,  attention 
is  given  to  packing  the  materials.  The  fill  when  completed  is  nearly  as 
porous  as  the  soils  und  sub-soils  of  which  it  is  composed.  When  a  cubic 
yard  of  uu:rfch  is  removed  from  the  pit  to  the  fill,  its  bulk  is  increased  by 
about  one  and  one-half  in  sandy  soil  to  six  per  cent,  in  hard  clay  soil, 
and  tbe  subsequent  shrinkage  of  from  5  to  15  per  cent,  finally  reduces 
it  from  90  to  95  per  cent,  of  its  original  volume.  But  soils  and  sub- 
soils in  their  natural  state  contain  from  35  per  cent,  to  60  per  cent,  by 
volume  open  space,  and  the  ordinary  highway,  or  railroad  fills,  are  thus 
shown  to  be  porous  masses  wholly  unfit  to  impound  water. 

In  the  building  of  earthen  dams  something  more  is  needed  than  the 
piling  up  of  a  maas  of  porous  materials.  The  hydraulic  engineer  who 
desires  to  build  a  siife  dam  with  a  minimum  amount  of  earth,  must 
attend  clos'jly  to  the  fGllowinir  IbaturcH  ; — 

1.  The  relative  sizes  of  the  grains. 

2.  The  percentage  by  volume  of  open  space. 

3.  The  proportions  of  air  und  water  contained  in  these  open  spaces. 


4.  Tho  best  mode  of  filling  the  intewticcs  between  the  loijier  nr»in» 

witli  the  smaller  >>rain».  ,  ,       •  j 

n.  Tim  bostni...loorexpollin({tlio  greatflr  pnrt  of  tho  air  oontnined 

in  the  open  spaces. 

G.  Miikin),'  llio  .nilMinkmetit  proof  agniimt  the  action  ol  extreme 
drouth,  or  cxecssive  siitur.itimi. 

A«  the  hydraulic  en-innr  nf  the  Kxprnmrnt  Station  ol  Utah,  the 
writer  recrntlv  bo-an  to  make  foiue  oxiicriments  on  the  best  mode  of 
c..t.,pacM...  soils  and  si.h  soiN.  On  t.ceount  of  .:old  weather  thoHo  ex- 
periments have  not  been  eomphU'd,  hut  ennu<-h  hns  been  done  to  show 
the  "jeneral  trend  of  the  invostii-ationd. 

Hand  suitable  for  oeaient  coner.te  was  carted  from  a  bank,  placed 
undercover  and  allowed  to  reinain  for  about  two  months  until  (|uiie 
dry  when  it  was  soparat-d  by  K'aduated  sieves  into  four  grades -coar>*.^ 
8,nd,  lunliuiM  sand,  tine  snn.l,  and  very  fiue  s.nd.  In  the  same  way 
hank  gfavel  was  obtaieed  in  two  sizes  Or.nns  that  would  pi.ss  ihrou  J. 
round  holes  one<|uaiU'r  of  an  inch  in  di.meter  and  be  retained  by  holes 
„ne  sixth  ol'  an  inch,  w.^'.^  classed  as  -ravel,  and  the  .grains  lef.  between 
sieves  one  sixth  to  one-lwrlfth  ineli.^s  were  classed  as  fine  sravel. 

The  silt  w.:8  a  mixture  c.f  vegetable  matter  and  extremely  fine  sand. 
The  elay  was  a  brick  fire  clay  and  was  air  dried,  -round  and  passed 
tbrougli  -laduatid  sieves. 

Boxes  were  u.ade  euntuining  some  evuu  part  ol  a  cubic  yard  und 
graduated  from  bottom  to  top.  Tlie  smallest  box  used  was  one  foot  in 
heifiht  and  cont  .i...  d  .01  cubic  yard.  The  materials  were  poured  into 
the" boxes  through  .  lunnrl  five-eighths  inches  in  diameter  Irom  a 
height  of  0.85  It.,  and  the  weight  of  each  determined. 

To  deteimine  the  percentage  of  open  space  in  each,  a  given  volume 
was  poured  from  a  height  of  0.H5  fee.  into  a  known  volume  of  water 
and  the  volume  of  water  thus  eontained  in  the  interstices  gave  tlie 
percentage   by  volume  of  open  space. 

In  the  follow  ug  table  the  percentage  by  volume  of  open  space  in  the 
elay  is  not  uiven  on  acouiit  of  its  tendency  to  "  swell  "  when  immersed 
in  water.  A.^sum  ng  the  specific  gMV.ty  ol  the  .s,did  particles  ot  the 
clay  10  be  2.40,  the  percentage  of  open  sp.ice  would  be  about  0.ti5. 

TABLE  V. 


Material. 


(Jravel  

Fine  gravel..  ■ 
Coarse  sand .  ..• 
Meiliuni  Sand  . 

Fine  sand 

Viry  I'mic  sand 

Sill 

Clay 


Size 
iiiehes. 


Weight  pel 
eiili   vard 
ll'.s. 


to     h 
to     ,V 
;    to    .'„ 

,  tOfiTi 

„  to  .,„'„, 

li  to  ia.To 

n  to  ^^'oH 

„  to^-i.. 


i»' 


110 


I'eretnlage:  I'empera- 
liy  viiluine  i  tiire  of 
open  space. I  nialerial.". 

i 


4r>.o 

I.-).  7 


4H"  Falir. 

48"       " 


Temper- 
ntnre  of 
Iter. 


,35"  Fahr. 


2200 

47.7 

4(1  • 

44" 

2100 

50.  H 

46" 

44" 

2160 

48.3 

46° 

i44" 

2025 

47.7 

46" 

44° 

1925 

51.7 

46" 

4-t" 

l:!80 

CI..\V  CONCRETE. 

AnembanUinont  formed  of  gravel  would  be  stable  and  ..naffeetcd  by 
tl,..  a<'tions  .d'  fro-t,  drouuht,  or  moi.ture,  but  the  45  per  cent,  of  open 
space  in  gravel  would  :illow  the  water  to  pas>  through  it.  Sand  would 
be  more  impervious  but  less  stable  and  more  affected  by  drought  and 
excessive  moistu.c.  Soils  containing  ti  high  percentage  of  organic 
matter  might  make  an  impervious  embankment,  but  the  necessary 
weight  and  compactness  would  b.  wanting.  The  same  is  true  of  all 
clays.  Clayey  soils  are  often  styled  heavy  soils,  but,  as  we  have  seen, 
such  soils  are  the  niost  porous  and  are  capable  of  absorbing  large  pcr- 
contages  of  water.  'L'he  tendency  of  clay  to  swell  when  wet,  and  shrink 
an.l  crack  when  dry,  venders  it  a  Ireueherous  material  for  rc«ervoir  oiu- 
bankraenta  when  used  alone. 
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Since  there  are  «eriou«  objoetions  to  each  ela^s  of  the  .niiteriaU  n:iiued 
when  u8e.J  «lono.  the  writer  ha.  imio  :.  few  tentH  of  comimcturss  with 
various  mixtures  ..C  the  nlu.ve  which  ho  has  toruied  .•/„,/  nmcM.: 
The  ohjeetHOUuht  being  to  .nix  Huffirient  silt  or  el.y  with  the  wind  lo 
more  thnn  fill  all  the  open  sf  aees  in  the  Hand,  and  to  mix  with  the 
gravel  aHufficient  volume  of  sand  and  silt  or  elay  to  n.ore  than  hd  all 
the  open  spaces  in  the  )j;r:ivel. 

The  results  of  tho  tcstH  are  as  follow* : 

01- AY    ('ONCRKTE  No.   1. 

(jjjvel I  00  cubic  yiirds. 

(Viiirne  sand ().-»  ^ 

Very  tine  sand ^-'^^ 

Claj- ^ '__ 

Total  1.95  eub,  yds. 

(„)  When  No.  1  mixture  was  thorou-hly  inix<-d  dry  n.id  poured 
from  a  hei|^ht  of  0.85  fe.  t  its  volume  was  1  .SIO  cubic  yards. 

(/.)  When  thoroughly  mix.  d  aiul  ti.mpe.l  -hy  in  onu-tenth  o.  a  toot 
layers   its  volume  was  1.240  eubic  yardc. 

(c)  When   poured   slowly   into   water  and   mixed  its  v,.lume   was 

1.2(3  cu')ie  yards.  . 

(d)  When  moistened  sufticienlly  to  lonn  a  .stift'  p  iste  and  tampi-d  in 
one-Unth  of  a  loot  layers,  its  volume  was  1.H12  .-ubic  yards. 

CLAY  CONCRETE   No.  '.'. 

Finesravel 0.90  cubic  yards. 

Fii>esand |  ■;>t^ 

Silt "•-^"   

Totjd '-SS  0"^'*'  yatds. 

(a)  When  No .  2  mixture  was  mixed  dry  and  poured  frotn  a 
height  of  0.85  feet  its  volume  was  1.526  enbie  yards. 

(t)  When  mixed  dry  and   thorouiihly  tampid  ii.s  volume  was  1,204 

cubic  yards. 

(c)  When  mixed  dry  and  poured  from  a  height  of  0.85  feet  into 
water  mixed  but  not  tamped,  and  the  excess  of  water  diained  through 
holes 'covered  with  canvass  in  the  bottom  of  the  box.  its  vciuuio  was 

1,256  cubic  yards. 

(d)  When  mixed  dry  and  moistened  with  0.277  eubic  yards  water 
at  a  temperature  of  41  degrees  Fahr.  into  a  stiff  past.'  and  well 
tamped,  its  volume  was  1.29(5  eubic  yards. 

(LAY    CONORKTE  No.  3. 

No.  3  is  ideutiwl  with  No.  2  except  that  O.-W  cubic  yar.ls  of  .'lay 
is  substituted  for  ti,l2  cubic  jar.ls  sih. 

Fincj,Travel 0  !)0  cubic  yards. 

Clay "'^»    

'['„l.,l ,.,     2,04  cubic  yards. 

(«)  When  No.  3  mixture  was  miiied  dry  and  poured  fr.MU  a  height 
of  0  85  fe.  t  its  volume  was  1  .('>04  cubic  yards. 

(I)   When  mixed  dry  and  w.'ll  tampe.l,  1 .324  eubic  yards. 
(c)  When   mixed   .l.y    ami   poure.l  fron.  a  Insight  of  0.8.5  f.'et  tnto 
water,  mixed  but  not  tan.ped,  an.l  -iraine.l  .>f  excess  water,  its  vob.me 

'"^  ■  1 .4H2  cubic  yards  after  experiment. 

1.420      "         '•     1  ''ay- 

1.360         "  "       2  days. 

1.356         "  "       4  ''''y*- 

l'324         "  "     15  days. 

(a^  When  mixed  dry  and  moistened  with  0.307  eubic  yani.s  of 
water  into  a  past«  and  well  tamped,  its  volume  was  1.348  cubic  yards 
which  shrunk  but  slightly  in  fcur  days. 


' 


lit 


ilo 

IDC 


OI.AY  CnNf'UBTK  Ni).  4. 

„.              ,  l.(M»  ciihio  ynnU. 

Fine  i^rftvi'l .  j 

Medium  Hiinil "  „ 

Sill    '_ 

Total 1.77  cubic  y»rd«. 

(h)  When   No.  4  inixtur..  was  n.ixc.l  dry  and   lamped  its  volume 
WPS  I .  Ut;  cubic  .vaidtt. 

(.)  VVl.n   nnx.d   d.y   an,l  pour.d  from   '^  ^^^^'^^  fj'^]^''^^^ 
«...  and  mixed  but  uot  tampe.l.  its  volu.n.  was  1.204  cul..    >«rd» 
(,/)   WWm  mixed   dry  and   moistened  with  O.^JO  cub.c  yards  wa  or 
J.  :  stiff  p..t.  and  well  t..mpe.l.    i-s  volume  was  1.212  eub.o  yard 

Water,  sewer,  .nd  «,.  n.ains  are  laid  .n  tren-hes  '--j'  ' 
...ateri.i;  somewbat  similar  to  tbose  wbieb  may  be  used  u.  -X^^-'- 
Of  t,euebcs  for  w.ter  n.ains  tbe  writer  has  -M-nnte-nd.!  1.  . 

.,f  over  100  ...ilea.     Korn.erly,  city  euj-.neers  re,,u..ed  the  t  e mlus 
!  1      1 1  c  streets  to  be  tilled  in  in  three  inch  layers  and  w.dl  tamped 
1  hree  .ysteu.s  ol  wa.e,  works  recently  constructed  by  the  wrtter 

b  this   St.U.,  permission  w.s   .ranted  to  fill  the  trenel,es  under  water 
i  ,s      1  o    tt  ?in,  tl...  ..:.r.h  in  thin  layers.     Tbe  method  loUowed  was 
op  ..p.-'^' «hile  exeava.n,  the   road  metal.  ,n,vel,  or  pav.n« 
to  ordinary  earth.     After  the  pipe  was  laid   tn  t  e  trench  .,d 
.,„,Wed,   ct.re  w.s  taken   to  t m.p  suffieient  e.rtl;  hene.t  1,      n    .^^^^^^^^ 
sides  of  the  i-ipe  t-,  give  it  a  continuous  an,l   un.fonn  b -artni,' ,  tl  en 
tb  bridges  were  thrown  iu  at  intervals  to  ,.revent  floatat.ou  and      e 
neb  partially  iilled  with  water  tVom  the  hydrants  o.    ,om  .n-,,at>,  g 
!.!;,;als      The   ordinary  eavth   was   then   plowed,   shovelled,  or  scaped 
into  the  water  and  tbe  roa.l  metal  or  gravel  placed  on  top. 

Trenches  filled  with  ,lry  earth  and  -au.pcd  tnvanab  y  settled  mo.e 
or  less  after  a  heavy  rainstorm,  but  trenches  tilled  under  water. 
Ihougb  ,uite  soft  fir  a  few  days,  behavc.l   n.uch  better  and  seldom 

"'rhoforogoiog  statement  doc,  no,  apply  to  clay  soil. since  it  rcpun-s 
too   long  for  the  wet  mass   to  becon.e  sufficiently  dry  to  bear  up  the 

weight  of  a  horse.  „,,    ,      •  , 

There  is  evcrv  reason  to  believe,  however,  that  troches  hlled  w.th 
clay  placed  undn-  water  in  the  manner  indicated,  would,  when  freed  of 
rhe\'xcess    moisture,    be  more   st^bl.  and   les.   hablc   to  s^bsequout 

•^'Tbuilding  a  d,s,ributin.  reservoir  .or  Ogdon  City,  Utah,  the 
writer  adopted  a  n.od-  of  cmpactin.  -he  .u.ter.tls  s.mewhal  stn.d.vr 
To  that  oullined  in  tillin.  in  trenches  under  water.  The  loca  >on  Was 
below  the  o-d  beach  line  of  Lake  Honnevdle.  a  name  g.ven  by  geolo- 
!  ststo  the  lar-e  fresh  water  lake  .,f  which  the  present  Great  Salt  Lake 
?orn>s  only  =>  sn.all  renu.ant.  The  n.ateriaW  were,  for  the  n.o.st  p.rt, 
Hnc  sand,  with  an  occasional  strat^n.  of  eo .r...  gravel  cobhlerock,  clay 
|;::il,.  'tI.  capacity  or  thereservoo.  is  7,.KM.,000U.S.gals.,W.dM. 
ol  embankment  at  ttowlineaO.r,  ft.,  water  slopes  on,,  and  on.-half  to 
one   outer  slopes  two  to  one,  depth  of  water  20  tcot. 

Aiter  ren>oving  the  ^nrface  .-oil  a  treneh  fron,  4  ft.  to  0  ft.  wide  and 
,  ft    deep  was  dug  aha.g  the  entire  centre  line  of  the  proposed  embank- 
,„e„t      The  base  of  tbe  en.bankmo.t  was  then  formed  and  allowed  to 
slop;slightlv  towards  its  center.       Lnste.l  of   tillin,;   in    the  trench   at 
S   it  was'allow..l  t..  -emain  nearly   full  of  water,  and  ,t  bcoan.e  the 
orhMu  of  n  canal  in  the  center  of  the   entire  cnd.ankmcnt.      Ihe  nmst 
i,.,l,.vions  n.aterial  was  d,.positea  on  the   inner  ball  of  the  enabank- 
,nJ„,   while  the  cobble  rock  and  more  porous  material  wore  acpo.s.tcd 
uear'tbc  outer  edge.     The  inner,  and  to  some  extent,  .be  outer  hal    o 
,1,..  cmbanknent,  was  budt  np  in  layers,  moistened  at.d   packed  m  llu 
usual  manner.     The  central  portion   was  built  up   by   omptym.  the 
Wbcelcrs  at  each  edge  of  the  canal  and  shoNvUing  .ho  material  ...to  tb. 
wau  r.     F.g.  1  shows  a  sketch  of  the  part.ially  completed  re.scrvmr  o.n- 
bankment. 


'■fti'»>.'  \ntitftit 


Till'  luodo  of'cniiniiK'tinfj  ncervoii'  rnibimknicntH,  almont  iiiiivcriilly 
follmvi'd  liy  AiuiTiciiii  onirint'iTM,  Ih  to  M|ii'cify  lluit  thi'  iiiiili  mIiiiII  Ih' 
(tprt'iiii  t'vmily  nvrr  ilii'  niiitiu'c  in  luyiix  ul' trmii  4  t"  tl  inclins  in  ilc|'ili, 
llicn  iiioistcncil  iiml  rollfd  with  jrioovcd  ndliTH  ff(!i^;liii.n  Inini  ItiO  to 
.'{00  lh>i.  [icr  iiipli  (iC  trdid.  In  umsl  instiincis  tlif  munlu'r  of  limi'!* 
racli  layer  i«  rollcil  is  liifi  to  the  de(!i>ion  of  the  rii^incer,  liut  Kinw 
upeciiy  a  iiiiniiiimn  !•(  Her  iravd  in  milts  lor  eiich  10.10  i  niiic  yards 
excavated. 

Opinions  diffiT  iis  to  the  amount  ol'  water  to  ii>e.  In  gravil  |iiiddUi, 
or  wliat  the  writir  has  ternied,  elay  cnnerete,  in  nhieii  tiie  pereenta'.'e 
of  clay  is  small,  »  iarjiu  auiouni  of  water  can  lie  useil  witli  good  resultn. 
This  mixture  un(|iiestion:dily  >    .kes  tiin  sat'tst  cnibankinent. 

To  those  who  [irsist  in  iisinn  eliiefly  elay,  it  m  ly  b''  said  that  the 
addition  of  water  to  ninislen  tlic  layers  is  of  doubtful  bLT.efit.  The 
cff'eet  of  wat'.T  on  eoiuparatively  dry  ehiy  is  to  increase  its  bulk,  ami  no 
amount  oi'rnHini;  will  make  h  i|uite  -o  niiiipp,el  as  it  would  he  if  lolled 
to  the  same  extent  in  a  dry  •*tate. 

In  reference  toeoinpuctin)!;  materials  by  deponitin'.'  them  uudei-  watrr. 
as  was  done  on  the  Oirden  reservnir,  by  ineiii-  of  a  eanal  in  iheeiuter, 
the  reader  will  note  that  this  niethud  is  applicable  only  to  urav,  I  pud 
dlo  or  clay  concrete  containing  less  than  25  per  cent,  olay.  A  hi;_'her 
perceiita^'(M)f  clay  Would  r.nder  ihe  euihankiiuiit  so  soft  that  it  eonld 
not  be  traversed  by  teams,  but  the  method  is  particularly  well  adapted 
to  earth  containing  either  no  elay  or  very  little. 

In  so  far  as  the  autiior  know?,  tliis  nuthotl  has  never  been  tried  be- 
fore. If  the  reader,  however,  compiircs  tests  No.  Ic,  No.  2c,  No.  3ci 
and  No.  4c,  with  corresponding  tests  (6)  and  ('»).  he  will  lind  that, 
when  the  percent.nye  of  clay  is  small,  as  eoinpact  a  mass  can  be  mide 
by  simply  pouring  the  earth  into  water  and  mi.'iitig  as  by  moistening 
with  watiT  and  thoroughly  ramming'. 

It  is,  however,  I'runi  practical  experienc  rather  than  from  the  few 
preceding  experimental  tests,  that  the  writ'.'r  ban's  the  ibllowing  con- 
clusiou.s  : 

1.  Karth  deposited  under  water  is  freeil  from  the  greater  part  of  the 
air  eonfmeii  i  i  the  open  spaee. 

2.  Earth  containing  grains  of  different  sizes  jincks  belter  unclor  water 
than  in  air. 

.'{.  I"]iiibahkment«  bodt  of  dry  earth,  or  earth  uioistotHMl  and  packed, 
arc  more  liable  to  be  injuriously  affected  by  capillary  action  than  em- 
bankments,  or  portions  of  emli;nikui(!Mts,  built  under  water. 

4.  Making  provision  diirin;;  ennstiueiion  ibr  a  eanal  Imlding  water 
in  the  center  of  the  embankment,  is  a  practical  lest,  before  eomph'tion, 
of  the  salety  of  tlie  structure. 

5.  Most  of  the  advanta.:es  ot  a  center  core  are  jaiiied  by  this  mode 
of  construct  ion  witliout  tin:  disidvaiitage  of  having  distinct  lines  of 
separation  l)etW(Mn  an  earili  .-.nd   i   ni:i>onry  wall. 

t).  Where  water  is  abundant  and  easily  applied,  lln'  middle  portion 
of  earth  dams  can  lie  more  cheaply  compacted  umler  water  than  by 
sprinkling  and  lolling, 

TIIK    IJIMKXSIO.NS    OK    RE.SERVOIR    EMBANKMENTS. 

The  proper  widths  and  slopes  to  adopt  in  the  luiildingof  earthen 
dams  eainiot  as  yet  be  determined  by  iiiathematical  calculations.  i)\iv 
knowledge   of  soil   phy.sics   is    too  meager    to  admit  of  limiting  the 
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amountR  nf  nmu  rialH  uncil  lo  the  ftami>  ext-nt  nn  on-'  wiulil  in  tho  oun- 
utriKititin,  lor  I'Xiiinpli',  of  a  railr.md  hT\>lyy,  or  ■  roof  truss.  Th.- 
ilinu'imlonn  in  ouuli  |iiirtifiiliir  ansc  muHt  be  loft  rci  tin;  jjcxxl  ju<lniuorU, 
priictital  hkill  mJ  tliu  knowli-iljro  Kiiinod  from  expt-riiucntil  tenti  of  the 
JcKi^niiig  cii'iiriitT. 

Tlu>  i!liuraot(  r  of  t\\c  lu  iterinlx,  **'•'  purpo«en  for  wliieh  water  in  Btorid, 
and  tlie  naturiil  coudiiiniig  muroui^  L  ig  each  HitodiHer  no  widoly.  tliut 
it  in  inipoHsiblu  lo  I  ly  down  picoist!  rulos.  (ifnisraily  npeaiiinK,  how- 
oyiT  tlic  iliinnnMioiis  i)f  cai'li  «inl)  inlduont  will  ilop«iiid  to  a  KreaUir  or 
lu!«a  extent  upon  the  following  condilionn  ;  — 

1.  Tiie  danger  to  lif"  I'nd  property  in  oanu  of  failure. 

2.  Tlif  depth  of  water  to  be  iiij|iouiided- 
:J.  The  height  and  force  of  the  wiiveH. 
4.  The  angle  ot  repose  of  the  materials. 

fl.  The  priwBure  whieh  the  materiaU  can  safely  withstMnd. 
(i.  The  necesHity  of  a  roadway  on  top  of  the  embankment. 

7,  The  h1o|h)  paving. 

8,  The  imperviouHtiess  of  the  materials. 
!).  The  existence  of  a  eenter  core. 

10.  The  manner  of  eonstruetion. 
Top  WiUTU. — When  teams  are  used  to  convey  the  mutorials 
the  sni.  llest  lop-width  must  hf  nt  leiLst  six  feet,  since  it  roi{uireH 
that  space  to  prevent  horses,  and  particularly  mu'as,  from  crowd- 
ing. It  is  usually  di  si  ruble  to  have  a  roadway  pnved  with  rolled 
■travel  and  a  fciicu  around  the  reservoir,  in  which  easo  >^  top  widtli  of 
twelve  feet  or  more  would  be  re<|uired.  Where  stability  and  security 
alone  are  eoueerned  the  top-width  depeiids  upon  the  cleva'Jon  of  high 

water. 

Uioii  VV.vTGu  Link. — In  cold  climates  like  those  of  Canada  and  the 
Northeru  Slates,  it  is  im|iorUiUt  that  *ht  high  water  line  be  kept  be- 
low the  frost  line  in  the  upper  portion  of  tliedam.  Failures  hive  been 
caused  by  the  eartti  freezing  in  the  trapezoidal  section  A  B  C  D  Fig. 
2,  which  elevated  the  soetioo  sufficient!}  to  allow  the  water  to  pass 
along  the  division  line  C  D. 
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Failure  might  also  be  caused  in  woakembaukiiientB  by  the  formation 
of  ice  at  the  "'iw-line.  If  the  force  duo  to  the  expansion  of  a  stritupi 
of  ice  were  to  je  exerted  at  J)  agninst  a  fro«cn  mass  A  B  C  D,  it  might 
be  sufficient  to  disturb  the  upper  part  of  the  embankment  and  endan- 
ger the  whole  structure. 

In  both  cold  and  warm  climates  there  is  the  danger  of  waves  wer- 
toppiog  the  embankment.  The  ma.ximum  height  of  waves  whieh  may 
occur  on  the  surface  of  any  reservoir  of  known  dimonsious  may  be 
roughly  estimated  by  Stephenson's  formula  II  =  1.5  V  F  +  (2.5  V  F.) 
in  whieh  U  is  the  height  of  the  waves  in  feet  and  F  the  fetch  or  dis- 
tance in  nautical  miles  through  which  the  waves  act.  According  to 
the  above  formula  the  heights  of  waves  on  ordinary  reservoirs  would 
vary  from  two  to  three  feet.  <  )m  the  smallest  tho  waves  would  be  more 
than  2  feet  high  and  seldom  more  than  8  feet  on  the  largest.  It  is 
evident,  therefore,  that  this  formula  does  not  apply  to  small  surfaces  of 
water,  but  as  the  error  is  on  the  side  of  safety,  and  since  the  top  of  even 
small  reservoirs  should  be  raised  at  least  two  feet  above  high  water,  the 
formula  can  be  trusted  to  give  approximate  results. 

Breadth  of  E.mbankmk.nt  at  the  Flow-Line.— The  practice  of 
the  writer  for  years  in  designing  the  cross-sections  of  reservoir  embank- 
ments has  been  to  determine  first  the  breadth  at  the  flow-line.  Then 
tliiough  the  c-itreuiities  of  this  distance  convorging  !ine.scan  be  drawu 
to  suit  the  angle  of  repose  of  the  material  and  other  necessary  condi- 
tions. Great  differences  exist  as  to  this  dimension.  While  writing 
this  article  there  lie  before  the  author  i;he  descriptions  of  five  reservoirs 
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eoeh  30  feet  deep,  and  their  rospeotivo  breadtlis  at  the  flow Tinft  are  28 
&.,  34  ft.,  40  ft.,  45  ft.,  and  53  ft.  After  making  ample  allowance  for 
a  difference  in  the  quality  of  the  materials,  there ihould  not  be  a  differ- 
ence of  nearly  100  per  cent.  =n  the  widths  of  the  embankments,  provid- 
ing the  work  in  each  case  has  been  carefully  done. 

With  a  view  to  unifying  the  results  and  economizing  material,  the 
writer  obtained  by  circular  letter.",  privnt*  correspondence  and  other- 
wise, descriptions  of  about  100  reservoirs  located  in  nearly  every  State 
of  the  Union.  Out  of  the  hundred  75  were  chosen  as  typical  of  exist- 
ing conditions,  and  their  depths  of  water  and  breiidlhs  of  embankment 
at  the  flow-line  were  plotted  on  cross-suction  paper. 

The  oo-ordinates  for  each  of  the  75  reservoira  m  ere  the  abscissa  (x) 
which  represented  the  breadth  in  feet  of  the  ouibankment  at  the  flow- 
line,  and  the  ordinate  (y)  whicli  represented  iho  depth  in  feet  of  the 
water  in  the  reservoir.  The  curve  formed  by  joining;  all  the  points  was 
so  nearly  that  of  a  straight  line  that  ihe  following  equation  of  a  straight 
line  was  adopted. 

^  =•  .X  —  5. 

For  outer  and  inner  slopes  of  2  horizontal  to  1  vertical  and  with  the 
top  cf  the  embankment  from  2  to  6  ft.  above  the  flow-line,  the  above 
empirical  formula  gives  top-widths  and  flow-line  widths  for  depths  of 
water  from  10  feet  to  45  feet  as  follows : 

TABLE  VI. 


Depth  of 

Outer 

Inner 

Top 
width. 

Distance 
between  top 

Breadth 

water  in 
reservoir. 

slope. 

slope. 

ot  enibkt.and 
surf.of  water. 

at 
flow-line. 

Ft. 

Ft. 

Ft. 

Ft. 

10 

2  tol 

2  to: 

( 

2 

15 

1,5 

" 

(( 

8 

3 

20 

20 

(( 

11 

3J 

26 

25 

(( 

14 

4 

30 

30 

« 

19 

4 

35 

35 

t( 

22 

^ 

40 

40 

u 

25 

5 

45 

45 

l( 

31 

fi 

55 

In  impounding  water  to  a  depth  greater  thun  40  or  50  feet  safe  con- 
struction requires  the  introduction  of  berms.  Thus  in  a  reservoir  60  ft. 
deep,  there  should  be  near  the  middle  of  each  slope  a  berm  of  5  or  6  ft. 
in  width,  and  when  we  deduct  the  width  of  these  two  berms,  the  top 
width  is  limited  to  about  30  ft.,  while  the  formula  atill  holds  approxim- 
ately true. 

Outer  and  Innee  Slopes. — Regardiiifr  the  75  typical  resorvoirs 
referred  toon  a  preceding  piigf,  it  may  be  here  stated  that  their  inner 
slopes  varied  from  a  maximum  of  4  to  1  to  a  minimum  of  1  to  I ,  and 
averaged  2.61  to  1,  while  their  outer  slope*  averaged  2.1. 

TABLE  VIl. 


Outer  slopes. 

Inner  f 

lopes. 

2  reservoirs 

1     to 

2 

reservoirs 

1     to    1 

23        " 

IJ  " 

23 

<■ 

U«      1 
1}  "      1 

2 

IjJ  " 

2 

« 

41 

2     " 

31 

tC 

2     <'       1 

I 

2i  •• 

1 

(« 

2i  "       I 

23  '•       1 

3 

2^   ■' 

1 

(t 

3         " 

3     " 

11 

l( 

3     "       1 

2 

<( 

4     "       1 

76  ResV  aver 

.2toI 

76  Hes's  aver 

2.61  tol 

It  is  evident  from  the  foregoing  tha»  American  practice  in  adapting 
slopes  to  earth  embankments  does  not  often  vary  from  2  liorizontal  to  1 
vertical. 

No  unprotected  earth  slope  will  long  withstand  the  action  nf  waves, 
eren  on  n  3  to  1  incline,  and  since  some  kind  of  paving  i.i  necessary,  a 
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2  to  1  "lape  of  suitable  nmti'rialH  aiK*  properly  construoM  Ih  preferable 
to  one  flutter.  In  paving  with  hydraulic  cement  conorct*,  the  cost  Oiin 
be  considtralily  ieitsoned  by  adoptinf;  a  1^  to  1  slope  on  the  water  side 
without  lessening  to  any  extent  th(t  strengtli  or  efficiency  of  the  ettibank- 
ment, 

VROTROTINO    THE    INNER   SLOPE. 

To  prevent  the  destructive  effectH  of  waves,  ice  and  frost,  to  facili- 
tate tlio  removiil  of  silt  and  aqnatie  vefgetition,  to  prevent  animals 
from  burrowing  into  the  bunk,  and  in  many  cases  to  prevent  percola- 
tion through  the  bottom  and  sides,  some  kind  of  paving  is  usually 
required. 

Tlie  following  brief  notes  obtained  by  circular  letters  describing  tJio 
mode  of  paving  and  tbe  niatirials  used  in  more  than  thirty  reservoirs 
of  the  Union  will  give  the  reader  a  fairly  correct  ide;i  of  cxistiug  con- 
ditions : 

WATKB  WORKS  KKSERVOlll,  47  FEBT  DEEP. 

Charlottesville,  Va. 

«'  Inside  slope  of  dam  is  paved  12  ins.  thick  with  ordinary  sume  rip-rajj." 

E.  F.  Habbis,  Snpt. 


LAKE  MONTEBELLO  RESERVOIR,  31  FT.  DEEP. 

Baltimore,  Md. 

"  Inside  slope  is  rip-rapped  with  broken  stone  tor  ii  distance  of  2  feet 
above  and  3  feet  below  the  flow-line." 

W.M.  BKNTtJAi.L,  Ass't  Engineer, 


TATNUCK  BROOK  RESERVOIR,  30  FT.  DEEP. 

W  oroester,  Mass. 

"  Paved  24  ins.  thick  at  top  and  18  ins.  thick  at  bottom  of  inside  slope 
with  field  stone  of  large  size,  having  interstices  lillcd  with  smaller  stonfs." 

Fred.  A.  MoClvrb,  Svpt. 


WATER  WORKS  RESERVOIR,  Ifi  FT.  DEEP. 

Grand  Rapids,  Mich. 

"  Bottom  of  reservoir  is  pavett  12  ins.  thick,  inside  slope  from  12  inches 
at  Viotloin  10  2  ins.  at  top  with  cobble  tone  laid  in  cement  concrete.  Frost 
has  loosened  some  of  tin-  cobble  stones  at  the  water  line." 

H.  A.  CoLLAB,  at;/  Eni/ineer. 


INDIAN  CREEK  RESERVOIR,  50  FT.  DEEP. 

Boise,  Idaho- 

"  Inside  slope  rip-rapped  with  basalt  IS  inches  thick." 

Chas.  L.  SwAix,  Engineer. 


STORAGE  RESERVOIR,  65  FT.  DEEP. 

Amsterdam,  N.Y. 

"Face  of  datn    is   rip-rapped  U    feet  deep,  hand   placed.    Frost  never 
afTects  rip-'ip.     Don't  believe  in  paving." 

S.  B.  Babcock,  Engineer. 


STORAGE  RESERVOIR,   15  FT.  DEEP. 

lUwhester,  N.Y. 

"A  berni  live  feet  wide  at  miildle  of  slope;  riprap  below  ben;: ;  pavwS 
with  stone  above.     I'aving  laid  on  f^ravel  lining  a  feu  inches  thick." 

E.  KiKCHLiNo,  Chief  Engineer. 
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DISTRIBUTING  RESERVOIR,  17  FT.  DKEP. 

Rochester,  N.Y. 

"  Oa  bottom  of  reservoir  4  inches  of  gravel  spread  over  wirfaoe  of  clay 
puddle  12  to  18  inches  thick  hauled  from  brick  yard.  Riprap  24  inches 
thick  below  berni.    Stone  paving  18  inches  thick  above  berm." 

E.  KiNCifLiNo,  Chief  Enyinetr. 


8CHUYHILL  RIVER  RESERVOIR,  13  FT.  DEEP. 

Conshobocken,  Pa. 

«M2  inches  cement  concrete  on  bottom,  4  inches  brick  on  12  inches  ce. 
ment  concrete  on  slopes.    Concrete  composed  of  1  cement,  3  sand,  5  broken 

trap  rook." 

W.  E.  Fkbrikr,  Svpt. 


WATER  WORKS  RESERVOIR,  30  FT.  DEEP. 

Sherburne,  N.Y. 

«  Paved  with  stone  12  ins  thick  set  at  an  angle  of  about  60°.    Space  filled 
with  gravel." 

W.  E.  Davis,  SupU 


STORING  AND  RECEIVING  RESERVOIRS. 

New  Bedford,  Mass. 

"  The  inside  slope  of  storing  reservoir  dam  is  protected  by*  p«ving  of 
large  sized  boulders.  The  inside  slope  of  the  receiving  reservoir  haa  alining 
of  granite  blocks  1  foot  thick." 

R.  C.  P.  CouorsHALi.,  Supt, 


WATER  WORKS  RESERVOIR,  15  FT.  DBBP. 

Walthain,  Ma.ss. 

"  Bottom  and  water  slopes  pave<l  with  granite  slabs  12  inches  tliick,  laid 
dry  as  closely  as  possible." 

L.  Brown,  HupU 


Hartford,  Conn. 

"  We  have  six  renervoirs  Irom  20  to  41  feel  deep,  paved  wirh  stones  about 

what  two  men  can  lift,  placed  close  together  and  tilled  in  with  smaller 

Htones." 

Hknbv  a.  Ayeus,  Hupt. 


i.OW  SERVICE  RESERVOIR  No.  2,  21  FT.  DEEP. 
Portland,  Oregon. 

"  Paved  with  brick  coaled  with  J  inch  California  asphalt  laid  flatwise  in 

pavini'  pitch." 

J.  Henry  Smrn. 


EASTON  LAKE  RESERVOIR  No.  2,  51  FT.  DEEP. 

Bridgeport,  Conn. 

'•  Cobble  riprap  24  inches  thick  at  bottom  of  slope  and  15  inches  at  top." 

S.  0.  Stoddard,  Jr.,  Engineer. 


WATER  WORKS  RESERVOIR,  47  FT.  DEEP. 

Covihgtan,  Ky. 

"The  water  slopes  are  revetted  with  stone  bloijke  12  inches  thick,  laid  in 
cement  on  a  foundation  of  broken  stone  12  inches  deep." 

W.    U.    OWKK,  Supt. 
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WATER  WORKS  RESERVOIR,  2C.  PT.  UKKP. 

Erie,  I'a. 

"  Boltoiii  of  rtscTvuir  puddled  with  18  inclics  of  brick  clay  put  on  dry  and 

rolli'il  solid  pvcry  llirco  or  four  inch  co»r«u.     Paved  with  brick  liiiil  tial  on 

bottom  (2  inches  thick)  and  laid  on  edge  on  hides  (4  inchew  thick)  with  ce- 

nieni   after  heiiij;  laid." 

Wm.  HiNNKi,,  .s'cc.-''Vea.i«rer. 


lilllMlNGUAM  UKSKHVOIH,    li  FT.  DKEl'. 
Hivniinghain,   Ala. 
'  Rough  saud  atone  rip- rap  12  innheH  thick." 


W.  J.  MiLNER,  Supt 


STOUAUE  KKSEUVOIH,  24  FT.  DEEP. 

Peoria,  111. 

"  (i  inches  of  concrete  laid  on  liotloiii  m  about  10  foot  squares  separated  by 
tivo  rows  of  1, nek  placed  on  e.lge.  Water  slopes  lined  with  brick  8  inches 
thick.     Frost  in  winter  occasionally  ducks  ilic  bricks  at  the  water  surface.' 

Dabnkv  H.  Mauuy,  Supt. 


CHERRY  VALLEY  RESERVOIR,  3.')  FT.  DEEP. 

"  The  in-'ide  slope  of  the  dam  is  covered  with  rubble  pavin>;  from  12  lo'iA 

icches  in  thickness,  nn-ered  with  about  C  inches  of  selected  hard  pan  to  till 

the  interstices  in  its  surlace." 

J.  C.    U.^NCOCK,  Supt. 


CACHE  LA  POUURE  RESERVOIR.  30  FT.  DEEP. 
LARIMER  AND  WELD  "  22    " 

Northern  Colorado. 

"  Inside  slope  of  both   reservoirs  rip-rapped  with   mountain  sandstone  I 

foot  thick  laid  on  2  feet  of  gravel." 

En.  Hakku,  Kin/iiu'er. 

(illKlill.Y,   Colo. 


WATER  WORKS  RESERVOIR,  14  FT   DEEP 

Ann  Harlwr,  Midi. 
"  Slopes  protected  by  rubble  or  cobble  stone-" 


Cii.\s.  E.  Urken. 


MARLETTE  LAKE  RESERVOIR,  -  FT.  DEEP. 

V  irginia  City,  Nevaoa. 

"Front  of  dam  paved  with  rubble.     Stone  and  ice  sometimes  displace  or 

serioii-iy." 

J.     B.    OVKRTON. 


disarrange  the  rnblle  but  not  seriously." 


STOUAUK  UKSERVOIR,  25  FT.  DEEP. 

Sontliin>;toii,   Conn. 

"The  wjiter  slope  of  the  dam  was  covv-red  l>^  inches  in   depth  with  small 
broken  sI,.ih',  over  which  was  laiil  a  pavin>:  of  large  stone  l.'j  ins.  in  depth." 

,f-  H.  MoKuNzit:. 


Fij^ur.s  :i.  4,  r>,  <>  and  7  show  typical  lorin-s  of  slopu  paving  aud  iti- 
clilJi!  idl  the  kiuds  coniiuoii  to  nmdcrn  practice, 

i*"!.'.  0,  not  shown,  is  an  iiltislratioti  of  the  use  of  brush  or  willows 
tied  tOfiCther  and  iinclioiTd  by  means  of  "alvani/.ed  wire,  Tiio  suiull 
private  iirij^aling  rcscivoir.s  of  Wt^t,  n,  America  aro  frc((Uently  [ro- 
treted  from  w:ivu  action  f'y  wheal  stittw  hehl  down  by  stiamls  of  barbed 
Wire.     Occasionally  bni-h  and  stones  or  slag  arc  used. 

13 


I 


Figure  3  was  designed  by  the  author  as  a  teuipnrary  expedient  lor 
the  Ogdeii  DistributiiiL;  lio-civnir  until  a  ninropcrnianent  pavinj;  could 
be  put  down.  It  was  laid  liy»;  years  aj;o  and  has  i'ulfilled  all  puiposrs 
so  well  that  the  owners  have  now  uo  iuteiitiou  ol' substituting  it.  KeU 
pine  bo:. ids  extend  3  feet  above  nnd  G  feet  below  the  (low  line  alon^  the 
slope  and  are  nailed  to  joi.'-ts  3x8  imbedded  in  the  bank  and  anclmred  at 
intervals  in  tiie  uiauner  shown. 


Figure  4  is  typical  oi'  the  most  coniuinn  kind  of  paving. 

The  foundation  should  be,  in  every  instance,  a  compaci,  impervious 
and  stable  bank,  on  the  inner  slope  of  which  is  spread  a  Inyer  of  gravel 
or  broken  rock  of  suflBciint  depth  to  pitvint  the  wuter  irum  Wiishing 
away  the  earth  beneath.  Upon  this  [orous  In^ir  is  laid  the  sione  pitch- 
ing or  rip-rap,  which  may  vary  in  deptli  from  1  lo  2^  feet,  depending 
upon  the  height  of  the  waves  and  the  "jtiou  of  ice  and  frost,  the  iuter- 

Btitices  of  the  stone  pilohing   being  filled  «ith  gravel  sjalls  or  broken 
stone. 


Fig.  5. 
i'he  usual  form  of  cement  eopcrete  pnvim;  is  .«hown  in  Fiijure  5,  con- 
sisting of  a  layer  of  screened  grave!  or  broken  rock  well  rammed,  ujwn 
which  is  laid  the  rcqui.-ito  thickness  ol  concrete.  For  a  short  distnnoe, 
both  above  and  belnw  the  flow-line,  stone  pitohing  laid  in  cement  mortar 
upon  a  thin  layer  of  cement  concrete  should  be  substituted  for  the 
cement  concrete  paving. 


p.  ,.    ,  FiB  6. 

I'lgurc  b  shows  a  portion  of  a  .slojie  paved  with  asphalt  concrete. 

Tills  concrete  is  composed  of  clean  sand,  gravel  and  licjuid  asj)h!ilt  in 
about  the  following  proportions  : 

^••avel 70  percent,  by  weight. 

•Sand 30 

Li(|uid  asphalt 10-15         "  '< 

The  sand  and  gmvel  are  heated  to  a  t.m|i(riiiure  of  over  300  fahr. 
and  mixed  with  the  li((uid  asphalt  at  a  slightly  lower  tem[«Tiiture. 

It  is  put  on  hot  in  a  manner  simihir  to  street  paving  and  Viiriesfrom 
1  to  4  inches  in  thickness. 


Fig.  7 

Figure  7  shows  a  paving  Ibrmed  of  brick  and  asphalt.     The  brick  on 
the  bottom  may  le  laid  flatwise,  on   the  lower  portion  of  tJic  bIoim;  4 
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inohos  and  near  tho  flow  jiitc  8  inches  in  thickness.  To  prevent  tlie 
brick  from  iibsorbinj;  moiHture  a  tliiti  layer  ni  aspiialt  mortar,  composed 
of  I'O  per  cent,  by  weight  of  clean  sand  mixen  with  10  por  cent,  by  weight 
ol'li((iii(l  ll^*pllMlt,  is  first  s|]it':i(l  over  tlu'  rammed  gravel  ;  (he  brick  are 
then  dipped  in  hot  asphiilt,  and  alter  being  laid  grouted  with  the  same 
material.  A  thin  surlacc  coating  ol' asphalt  iif  about  |th  of  an  inch  in 
tliiuknesri  couipletoN  the  lining. 

In  dit-eussing  the  nliitivi'  merits  and  demerit.-^  of  each  type  of  paving 
rcprcsentod  above,  little  need  be  said  of  the  first  two  named,  since  the 
early  decay  of  both  willows  and  lumber  render  periodical  renewals 
ncenssary. 

Many  failures  are  recorded  of  stone  pitching  orrijhrap,  but  in  nearly 
every  instance  they  were  eaiise<l  by  the  washing  away  of  part  of  the 
embankment  immediately  beneath  tlie  rip-rap.  Under  ordinary  con- 
ditions wash  eaii  be  prevented  by  placing  a  sufficient  thickness  of  gravel 
or  broken  rock  back  of  the  pitching  and  caretully  tilling  -dl  interstices 
ot  the  latter  with  eoar.-e  sand  and  gravel.  Ttie  gi'neral  success  which 
has  attended  this  kind  of  paving  does  not  warrant,  in  the  opinion  of  the 
writer,  the  following  .severe  Ciiisure  from  tho  pen  of  Samuel  M'^Klroy 
(J.E.  of  Brooklyn,  N.Y.  : 

"  The  oiilv  way  to  protect  an  earlli  reservoir  bank,  nr  tloor,  is  to  keep  it 
dry  J  otherwise  pressure,  KtorTii  wash,  motion,  lealia^e,  frost  or  animals  may 
weaken  and  di'stniv  it. 

"  Dry  Hurk,  properly  laul,  rnpiires  mucli  more  time  for  selection  and  tit- 
ting  tlian  eminent  work,  fur  the  same  section  and  slope;  it  reipiirt-s  a  better 
class  of  stone  tlirooglioiil  j  and  the  cost  of  hyiiraiilie  cement  mortar,  in  itself, 
does  not  adil  more  tliun  s<I-"  per  cntni:  yani,  or  aljoiit  tlie  cost  ot  the  cement 
mortar,  tip  that  of  dry  work,  for  the  same  stone.  At  Uidgewood  we  paid 
$1.00  for  the  dry  stone  lining,  and  $2.51)  for  similar  wall  in  cement  with  full 
joints.  'I'lie  repair  accoiinls  of  dry  walls  on  varioui'  piihlic  works  hai  been 
a  forinidahle  item. 

"Experience  also  shows  that  a  well  puddled  and  brick  covered  reservoir 
lloor  would  have  prevented  some  costly  boctom  leaks  and  ruptures. 

"  111  a  Ue|«irt  on  the  llud.-un  River  and  Cliamplain  (,'anal  Improvement, 
maile  to  the  State  Kngineer  of  New  York  in  I8(i7,  I  had  occasion  to  show 
that  a  solid  masonry  canal  slope  wall  one-third  to  one,  with  4^  feet  concrete 
foutin;;  and  :!(l  iich  wall  cmild  be  built  auil  coped  for  less  ihun  the  IJ  to  1  dry 
slope  wall,  which  has  been  an  einlless  eau-ie  of  wa^h,  rupture  ami  repair 
along  the  entire  canal  system  of  the  Stale. 

"  if  the  e.\|)eriencc  of  our  reservoirs  similarly  lined  was  collected  it  would 
certainly  end  their  construction,  as  il  would  similar  constructions  for  niill 
ijowcr  races,  dams  and  (jlher  faces  exposed  to  wash  and  frost. 

"  For  both  Brooklyn  reservoirs  the  following  specirication  was  adopted  : 
"  The  insi.lc  .slo|.es  to  be  carefullv  pudilled  for  two  feet  in  depth,  then 
covered  with  a  siibstaiitiul  laver  af  oenienl  mortar  and  gravel  (concrete),  not 
less  than  three  inches  thick,  over  which  a  wall  ol  lirick  ma-onry  shall  be 
built  eight  inches  thick  to  the  eiiibankment  top, and  covered  with  aflag cop- 
ing not  less  than  three  leel  wide,  tiy  live  inches  thick.  The  bottom  of  the 
apartments  to  be  similarly  (iuddled  and  covered  with  best  paviiig  brick  laid 
on  their  edges  and  carefully  grouted. 

"  In  the  Ridgewooil  case  lliis  theory  was  lully  cmilirmed  hv  nc.;ative  ex- 
perience. \  ciiange  in  the  direction  took  [liace  in  18."iti,  and  some  changes 
111  plan  111  lH."i7.     The  slope  lining  was  thus  specitied  : 

"The  water  slopes,  unless  oiherwiso  directed,  to  be  paved  with  a  well  laid 

stone  (lavirij;  one  biol  thick,  the  slone  used  to  U'  sound  and  of  proper  sliape  to 

make  i  .'at   and  compact  work  ;  and  openin;;s  between  said   stone  to  be  well 

pinned  and  packed  i  to  lie  cipial  in  every  respect  totlie  receiving  reservoirof 

the  Croton  work.      I'lie  pavinj;  to  be  laid  on  a  bed  of  ;;ravel  or  small  stones. 

"  A  considerable  leiigib  of  slope  was  lined  under  this  speciticalion,  under 

Mr.   Kirkwood's  personal   mspeolioii,  as  a  pailern   for    the  rest;  it    was  as 

cheap  for  the  siili  conlraclors  to  ii^e  l'>  to  Isi  inch  rione,  and  the  wall  was 

thus  laid,  with  aboiil  live  mclies  of  small  stone  backiiifj.      When  about  seven 

feet  ol  water  was  |iuiiipeii  into  the  eastern  division  in  1H,')8,  the  wave  wash 

cut  tlie  eiubanUnieiit  heliind  the  wall  so  rapidly  that   the  water  was  drawn 

down,  the  injured   sections  repaired,  anil  the  entire  lining  carefully  tilled  in 

with  ceiiieiil,  i.'ioiit  and  poiniin.;. 

"  'I'liis  involved  a  change  in  the  dry  wall  of  the  new  Croton  reservoir,  then 
under  contracl,  to  ceiueni  stone  ma-onry.  The  Mount  Prospect  reservoir, 
built  accordiiif;  to  the  original  specilications,  illustrates  to-ilay  its  advan- 
tages, for  convenience  of  construction,  however,  it  is  best  to  increase  the 
concrete  ihickness  ami  n'duee  thai  of  the  puddling." 

In  the  case  of  the  iiidgewood  reservoir,  cited  by  Mr.  .McElroy,  6 
inches  of  broken  stone  behind  riprap  is  too  thin  to  prevent  wash. 
Again  in  the  paving  for  the  Hrooklyii  reservoirs,  which  ho  rocom- 
me.iujed,  it  i^i  not-  good  practiw  to  lay  -emont  ('onert-te  on  elay,  sini- 1  the 


weight  of  tho  water  which  may  accumulate  back  of  tho  lining,  or  the 
liability  of  both  clay  and  water  freezing,  will  loo.sen  and  break  the  cou- 
cretu. 

Water  slopes  lined  with  cement  eoucrctc  fail  usually  in  one  of  two 
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ways  ;  oillior  tho  foutulatifln  is  in-^ocuir  or  llic  liaiil:  soltlr.s.  Quito 
often  a  layer  of  cl.y  is  lirst  fiul  down  with  im  iiiiaiiuMliatf  pon.iis 
stratum  olttrMvcl  or  i-uiall  stones,  and  wlien  tli.'  water  is  rapidlv  drawn 
down  in  iha  rrsiTvoir  the  vol  mans  of  i-iay  is  liable  to  sluinp  and  carry 
with  it  the  concieU;  iiniiiN;. 

Engineers  and  superintend,  iit^  fr(C|uenily  l)iiild  leserv.iirs  in  larlli 
and  line  the  inner  slopes  and  hotloni  witli  eiinrnt  conerrte  bel'ore  the 
banks  have  i  ro|u  rly  settled  amj  witluiut  Urst  ilioroiisldy  soukinL' the 
interior  walls.  In  a  (iroperiy  made  bank  the.'e  will  be  no  subsidence  to 
speak  of,  but  to  p.ivo  a  reservoir  witliont  tirst  allowiii-  the  water  to 
remain  up  to  hiiih-water  mark  lor  days  ;md  even  weeks,  is  to  invite 
failures. 

The  Cemetery  Hill  reservoir  of  Colorado,  built  in  188(5  87  by  tiie 
writer  as  enjiineer-in  c'  lU-e,  in  aeeorda.iee  with  plans  and  specilieatious 
prepared  by  ehiei  engineer  Allan,  mi>  not  lined  until  18!)().  In  the 
sprinfj  of  that  year  it  was  paved  with  I'o.  tlaml  ec.ment  concrete,  of 
which  the  meatesi  thickm-s  did  not  exceed  f.ur  inches.  Five  years 
later  (,l!^l'i>)  'li*^  writer  examined  the  liniii-  and  found  no  failures, 
not  even  a  crack.  He  .ittiibutes  the  success  oi'  this  ]),,vini;  to  the 
.table  condition  of  the  banks  and  to  the  water  soaked  state  of  the 
interior. 

In  the  vicinity  of  Beaver  Brook,  Colcado,  tho  farmcis  can  -I't  no 
water  from  weli>.  and  they  obtain  their  domestic  supply  from  tiie 
it'ri.'al in- canals  in  summer  which  is  run  into  cisterns  lined  with  cement 
mortoror  concrete.  After  many  failures  the  writer  su-ested  that 
they  soak  ihe  bottom  and  sid.-s  of  the  newly  excavated  cisterns  for 
weeks,  then  r.  move  the  water,  ram  envvel  over  the  entire  interior  and 
line  with  eeme-it  concrete.  It  was  found  that  a  much  thinner  coatin- 
would  suffice  when  the  luundatiou  was  prepared  in  the  mauuerjust 
di'scribed. 

The  tou-liiiess,  elasticity  and  imperviousuc-  of  asphalt  concrete 
render  it  ^suitable  material  for  reservoir  lining.  Ii  has,  however, 
one  serious  defect  wliich  engineers  !iave  not  yet  been  able  siiooessfuUy 
to  overcome.  A  hot  sun,  or  warm  weather,  will  cause  it  to  slide  down 
the  slope. 

In  the  kind  of  paving  shown  io  Fig.  (J  the  thin  coating  of  asphalt 
mortitr  which  compktly  surrounds  the  paving  brick  renders  the  lining 
impervious  and  difficult  to  crack,  while  the  ri-idity  of  ih- brick  pre- 
vents the  wall  from  sliding  upon  its  base.  Stone  rip-rap  based  on  a  thin 
coating  of  asphalt  e.merete  can  be  substituted  lorilie  i.rick,  and  the 
entire  wall  well  grouted  with  asphalt  mortar. 


couf:  walls. 

In  the  New  England  states  perhaps  85  per  cent  of  all  the  earthen 
dams  now  in  existence  have  been  built  with  core  walls  of  puddled  clay, 
masonry,  or  concrete.  In  Cahlornia.  the  ilocky  Mountain  Region  and 
as  far  east  as  Pentisylvania  and  New  York,  masonry  core  walls  are 
seldom  introduced. 

About  a  year  ago,  the  writer  sent  the  following  ipiestions  to  a  large 
nuuber  of  hydraulic  engineers  and  water  works  superintendents  ; 

Qne,-.  I.  If  ibercMMVoi"  ,lan,  is  ImuIi  with  a  center  core,  state  the  ma- 
tcrials  used  ami    mode   of  constrnctiiiii. 

Qm-H  •'  (live  il.elollowlntrdinR.nsioMsurihceenlereore,  l,olton,  wi.lll.al 
original"  s'urfaco,  top  wi.lth,  deptl,  of  ha^.  I.elow  on^inal  surface,  uilll,  „t 
base  at  liottom,  liei>;lil  over  all. 

Que..  3.  Does  the  water  in  y.-nrnpnoon  percolate  tiu-on.^i  ihe  inner  por- 
tion of  iheenihanUnienl  Io  the  center  core  ? 

Ques.  t.  Speaking     .generally,  do   von     thii.k    ihe   additional     .-H-cnnly 
.ained  by  "  cmcrete  o,  nni-onry  core  jnslities  the  extra  cvpense  / 
"  The  replies  received  to  the  above  -luerie^  were  so  contiieting  that  it 
was  impossible  CO  h.-uv.onizo   th.'   opinions  expressed.      If  a  classiQca- 
tion  were  atiempted  it  would  be  something  like  the  foUlowing  : 
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(1)  Tho,-"'  who  coiisiiliT  -A  inasDiiry  coro  wall  csscntiiil. 

(2)  Tluiso  wlio  ooii.si'lcr  any  kind  i)f'  u  eoro  wall  .111  cliuuoiit  (iC  woak 
nn««  iiiid  a  uhcIuhs  oxpemlitui'''  <>!' iiioiioy. 

('•i)  Tlioso  wlin  wiMilil  ills  li  :i  iiiaMniry  I'li'i' wall  iii  mi  ml  litional 
satl'i^iiard  in  all  ini|iiirtaiit  striicimvH.  tliu  faihii'o  of  wiiicli  inij^lit 
I'ndaniror  lif'r  or  pro]iorty. 

(()  TliijH!  will)  would  Ijr  i;uidi!,l  entirely  by  tliu  (juality  of  tln! 
luatri  i;il.s  ;ind  llu'c  iiiilitions  ooiiiii'cr(Ml  with  I'licli  caM^^ 

Till'  chior  advaut  ioi.'.-i  ofa  luisoiiai'y  I'lirc  wall  arc  ; 

{])  It  prevents  animaU  iVoiu  bitirowiii'^  iiulu'-;  throu'^h  the  I'liibiiik- 
uiont. 

{'/t)  It  m  ly  provcnt  porculation. 

Tho  chief  disadvantajjos  aro  : 

(1)  Thi>  additional  cost. 

(2)  Tho  niii!f|ual  SL^ttlin;;  of  unlike  materials  of  different  density  and 
weight. 

(,'i)  The  liaitility  of  ihe  eariii  in  ih.'  upper  part  of  the  embankniout 
beeoiiiin-  s.uuralid  and  iiiereasiiii;  the  pressure  on  the  wall  much 
beyond  the  licsi^iied  limit. 

(4)  The  tendency  of  tiie  wall  to  erack  on  aeeouut  of  the  expansion 
and  contraction  dui^  to  ohanges  of  t  ■mporatnre,  pro.--cnce  of  water  back 
of  the  wall,  or  mi  aeeouut  of  the  niie(|ual  settling. 

It  has  iilways  seemed  to  the  writir  that  the  advantages  to  be  gained 
from  a  masonry  core  wall  are  in  no  uiea-^urc!  conuuensnrate  to  the  dis- 
advantages arisinj,  from  its  use.  A  12  inch  briek  wall  laid  in  cement 
mortar  will  prevent  the  burrowing  of  animals  as  effectively  as  a  concrete 
wall  ()  ft.  in  thickness.  Besides,  it  is  doubtful  ifthero  is  an  animal  in 
existence  wiiich  will  burrow,  for  the  sake  of  the  pleasure  to  be  devived 
from  the  exercise,  thiougli  a  well  made  gravel  puddle.  In  the  Western 
States  cement  concrete  costs  per  cubic  yard  in  place  from  $0  lo  $7, 
while  earth  suitable  for  earthen  dams  can  be  conveyed  in  wheel 
scrapers,  puddled  and  rolled,  for  from  12  to  20  cts.  per  cubic  yard.  A 
yard  ol'couerele  is  thus  eij^nivalcnt  to  nearly  45  sards  of  puddled  earth. 
The  most  prououiieed  adv.ieate  of  concrete  core  walls  will  hardly  daro 
maintain  that  the  relative  utility  of  equal  volumes  of  a  coocrete  wall 
and  tho  adjacent  earthen  embiiikinout  is  as  45  to  I. 

la  considering  the  safety  of  eaith  dams  with  misonry  or  concrete 
heart  walls,  the  late  James  B.  Frauds  asumed  that  the  full  hydros- 
tatic head  would  be  exerted  agaiii>t  the  wall,  and  that  as  the  wall  alone 
was  wholly  inaJeipiate  to  sustain  this  pressure,  th.;  earth  on  tli?  dj-.vii 
stream  side  had  to  be  nwile  of  suffi'.'ient  weight  to  resist  the  total 
pressure. 

l)esmoad  Fitzgerald,  in  de^eriijin^'  the  high  earth  dams  recently 
constructed  under  his  supervision  for  the  IJostoii  Water  Works,  lays 
down  a  similar  assumption.  One  einbankiucnt  is  l!5  ft.  high,  has  an 
inner  slope  oi  2  to  1,  an  outer  slope  of  2  to  1  and  '2k  to  1,  a  berni  (J  ft. 
wide  on  each  side,  and  a  coiiereti  core  .vail  Id  ft.  thick  at  the  base  and 
2  ft.  at  the  top.  '■  [n  eoiisideriog,  '  he  says,  •'  the  stability  of  this  kind 
of  an  emlniiikmeni.  we  must  assume  that  the  lull  head  of  tlu'  reservoir 
is  carried  to  the  core  wall." 

The  writer  fails  to  see  the  benetits  t  1  be  gained  by  this  process  of 
rea.soniiig  based  00  such  an  assumption.  In  the  first  place,  hydraulic 
engineers  are  nearly  uiia;-:inious  in  the  ojiinion  that  the  inner  part  of 
theeuibaiikmenl  >hould  be  tlu;  most  impervious,  and  that  if  it  cannot  b" 
hoino^eiie  111,  in  stnielure  ih e  mitei-iaN  should  be  so  placed  that  the 
inip'jrviousiiess  of  the  inner  part  shonl  I  ehange  '.;radually  to  the  poro- 
sity of  the  outer  In  following  this  praetiee  it  would  be  impossible  in 
all  well  executed  structures  for  the  full  head,  or  any  hoail  of  water,  to 
be  exerted  against  a  cimter  wall. 

If  the  iiiteiitiou  is  to  piacv;  ail  till  impervious  material  iic:ir  the.  center 
and  next  to  the  core  wall,  the  design  is  one  of  the  worst  that  can  he 
conceived,      in  such  an  embaiikinent  there   is  a  poi'ous  uia.ss  of  earth 
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noxi  t<)  the  water,  tliroutrh  wliioli  the  I.iior  cm  rnndily  scpp  (ir  jx^rcolate, 
tlicn  a  liiMrt  W;ill  oncasoil  in  cluy  puddlo  uiiioli  tun  woiik  to  HiiHlain  tlir 
hydrostatic  presHuru,  mid  biok  of  thin  u  ■■econd  fioroiis  uiftgnoft'iiitli  tuo 
weak  in  itsnlf  to  ictiiin  tlii' iiiiiiotindtid   wiitiT. 

Thin  nii'tliod  oC  lotuiniu'.'  vvaliT  iriiiitid-<  iliu  writi'r  of  thi;  (litv  I'lij^ineor 
ofaWcskTii  city  who  built  :i  stand  pi pi^  of  brick,  and,  ti>  bo  dnnhly 
safe,  iinril  Itsextcrior  wiib  tliin>lic(aiiMii  plat<"'-.  Wlion  the  wiitoi-  was 
firht  turned  in  it  iicvir  rose  to  thu  full  head,  but  bllr^t  the  brick  and 
■ftoiwards  the  thin  slicctirnn. 

In  iiiipiiundiii^'  water  one  most  depi'iid  wholly  u|)iin  one  parlicul  jr 
class  of  material  to  sustain  the  pressure  aud  prevent  seop-iv;e  and  per 
oolatioD. 
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